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Abstract

The kidneys play an important role in glucose homeostasis in three ways: Via endogenous glu-

cose production from non-carbohydrate precursors (e.g. glutamine, lactate, alanine, glycerol) dur-

ing both postprandial and post-absorptive states; via glucose filtration and reabsorption by the

glomerulus and proximal tubule, respectively; and via glucose utilization and the elimination of

its excess in the urine when glucose levels exceed 180mg/dl. The renal release of glucose into the

circulation occurs mainly in the renal cortex and results from the glucose phosphorylating capacity

of those renal cells, meaning that, cells in the renal cortex can form glucose-6-phosphate. Consid-

ering glucose filtration and reabsorption, the kidneys filtrate and reabsorb all circulating glucose,

rendering the urine virtually glucose-free in a healthy person. Finally, the kidneys take up glucose

from the circulation for energetic self-supply. Besides their role in glucose metabolism, the kidneys

are the major site of insulin clearance from the systemic circulation, removing approximately 50%

of peripheral insulin. In this regard, insulin clearance by kidneys occurs by degradation in the prox-

imal tubule after being filtered in the glomerulus. All the aforementioned mechanisms affect the

glucose concentration levels in the blood, preventing the parametrization of a mathematical model

for patients with diabetes mellitus, in the implementation of an artificial pancreas. Aiming for a

complete physiological model of the glucose homeostasis, a physiological submodel of the kidneys

is presented in a way not described in the literature so far. This submodel is a phenomenological-

based semi-physical model with a basic structure rooted in the conservation law and for which

the parameters are interpretable. The model’s results coincide well with the available clinical data

reported for kidney functions associated with glucose and insulin.
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1. Introduction1

Diabetes mellitus is a chronic disease caused by a disturbance in human body glucose home-2

ostasis. Disequilibrium in glucose homeostasis is, among other disorders in the glucose-insulin3

dynamics, a widespread condition affecting many people around the world. Mathematical models4

can lead to a better understanding and control of the blood glucose levels [1, 2, 3, 4, 5]. Most of5

the studies are focused on the main organs involved in this regulatory system such as the pancreas6

and the liver. However, other organs participate in glucose homeostasis whose role has been disre-7

garded in the literature so far. For example, the kidneys make a significant contribution to glucose8

metabolism and insulin metabolism for clearance. The kidneys act in three ways. First, kidneys9

produce and release glucose via gluconeogenesis. Second, kidneys consume glucose from the blood10

to carry out their basic metabolic functions. Third, kidneys filtrate glucose through the glomerulus11

and reabsorb glucose through renal tubules, allowing excess glucose to be eliminated via the urine.12

The kidney may be perceived as two separate organs because the two main mechanisms in13

glucose metabolism occur in different parts: Glucose production occurs mainly in the renal cortex14

and glucose utilization takes place in the renal medulla. The kidneys also have highly specialized15

functional units, nephrons, composed of a glomerulus, surrounded by glomerular capillaries; that is,16

they are connected to a tubular portion transporting waste to be eliminated in the urine. Just like17

glucose, insulin is filtered by the glomerulus and partially reabsorbed in the proximal tubules [6].18

Once the insulin is in the tubular lumen, it enters the proximal tubular cells by carrier-mediated19

endocytosis and is then transported into lysosomes, where it is metabolized into amino acids [7].20

Approximately 40% of total renal insulin clearance occurs by extraction from the peritubular vessels21

[8], whereas 60% is due to glomerular filtration so, the rate of renal insulin clearance exceeds the22

glomerular filtration rate.23

Existing mathematical models that represent the glucose-insulin system frequently include vari-24

ables that cannot be directly measured [5]. These models are constructed based on experimental25

data taken from standard clinical tests that provide very little information on how to interpret the26

parameters of the model according to the physiological threshold where they could have meaning.27

These models do not consider relevant aspects that are crucial in explaining physiological phe-28

nomena or providing a clinical interpretation of the natural underlying system. Consequently, it is29

difficult to individualize the parameters of the models in a patient used to tune automatic systems30

of insulin dosage to regulate blood glucose levels. In the case of kidneys, a mathematical model31

describing the role of this organ in the glucose regulation cycle has not been proposed. The only32

aspect considered in the reported mathematical models is a parameter representing the glucose33

renal excretion in urine when a patient under a metabolic glucose-insulin disorder is considered34

[9, 10].35

In the present work, a phenomenological-based semi-physical model (PBSM) of the relevant36

physiological aspects of the kidney’s role in glucose homeostasis is developed. This model can be37
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coupled to another model of the whole glucose regulatory system in humans including those areas38

highlighted as potential targets for diabetes treatment. A mathematical model of the role of the39

kidneys in glucose metabolism will give further insights into a complete picture of the natural glu-40

cose regulation mechanism. Bearing the above in mind, a reliable and exhaustive model of glucose41

homeostasis could outperform the prediction ability of existing models in the literature, becoming42

a powerful tool for a model-based controller acting as the core of an artificial pancreas. The paper43

is organized as follows. In Section 2, a summary of the main aspects of the phenomenological-based44

semi-physical model family is presented. In Section 3, the procedure to construct PBSMs is applied45

to model the role of the kidneys in glucose homeostasis in the human body. In Section 4 the results46

of the model are discussed. Finally, concluding remarks are provided in Section 5.47

2. The process of PBSM construction48

Modeling is a process aimed at representing the reality. However, reality is so complex that it can49

be represented in many ways, which explains the existence of various modelling methodologies [11,50

12, 13, 14, 15, 16, 17]. A methodology to construct phenomenological-based semi-physical models,51

based on that proposed by Hangos and Cameron [13], is proposed by [18]. This methodology is an52

iterative procedure described in 10 steps [19], used here to develop a model of the role of the kidneys53

in the glucose metabolism. The procedure is clustered into three sections: Model pre-construction,54

model construction, and simulation of the computational model. Model pre-construction consists55

of process description, model aim, model hypothesis, level of detail, and definition of the process56

systems. Model construction includes the application of the conservation law, the determination57

of the model’s basic structure, definition of the variables, structural parameters, and constants,58

and the determination of constitutive and assessment equations for the model. Finally, verification59

of the degrees of freedom is performed to construct the computational model, followed by model60

simulation.61

A mathematical model is constructed to explain or represent a phenomenon. A phenomenon62

is described mathematically from its origins using of experimentation. However, different experi-63

mental scenarios can be tested with the model that represents the phenomenon without needing to64

repeat experiments or collect data, such a model is phenomenological. Hence, purely phenomeno-65

logical models, i.e., first principles models, are based on the theories governing the phenomena of66

interest without the need for data. The phenomenological-based semi-physical models are a family67

of models that are built based on knowledge of the described phenomenon, but also using data68

to estimate parameters representing unknown phenomena affecting the real object. A PBSM has69

four properties that make it different from other types of models: i) Uniqueness of the model’s70

basic structure due to balance equations, obtained by applying the conservation law, which is the71

same for each process family; ii) modularity, that is, the ability to expand from an initial model72

that considers only a part of the process to a model considering a larger layout; iii) the levels of73
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detail can be combined and modeling is possible on as small a scale as required; iv) parameter74

interpretability, i.e., most of the parameters of the model have a physical meaning within the pro-75

cess being modeled. The procedure to construct phenomenological-based semi-physical models is76

detailed in Section 3 applied to the kidney’s role in glucose metabolism.77

3. Construction of a PBSM describing the human kidney’s role in glucose homeostasis78

In this section, a PBSM of the role of the kidneys in glucose homeostasis in humans is developed.79

More specifically, this model represents the kidney as a whole, but through the functional unit of80

the kidney, the nephron. This follows the fact that each component of the nephron has a specific81

function in the physiology of the kidney. To obtain the results for the whole kidneys, the results82

for one nephron are multiplied by the 2 million of nephron that on average, make up both kidneys.83

The parameters of the mathematical model are interpretable, i.e., most of the parameters have a84

physical meaning from physiological knowledge of the kidneys. This fact is crucial when the model85

parameters need to be adjusted for a given patient.86

3.1. Model pre-construction87

3.1.1. Process description and model aim88

The kidneys play an important role in glucose homeostasis. Similar to the liver, the kidney is89

the only organs able to perform gluconeogenesis from non-carbohydrate carbon substrates espe-90

cially from glutamine, which is its favorite precursor in terms of affinity. The kidneys participate91

in the glucose regulatory cycle through three main mechanisms: 1) glomerular filtration and reab-92

sorption of glucose, 2) endogenous glucose production from non-carbohydrate precursors, and 3)93

glucose utilization to be used in metabolic processes like the rest of the organs.94

95

The glucose circulating in the blood reaches the renal artery and enters the kidney through the96

hilum. The hilum then converts into the afferent arterioles, which lead to the glomerular capillaries.97

Figure 1 represents the physiological processes of glucose in a nephron. The glomerular capillaries98

are covered by epithelial cells, and the whole glomerulus is enclosed by the Bowman’s capsule99

[20]. There, all circulating glucose is filtered crossing the Bowman’s capsule towards the proximal100

tubules located in the cortex of the kidney. The proximal tubules are the only part of the nephrons101

with appropriate enzymes used in gluconeogenesis [21]. Four substrates are largely responsible for102

endogenous glucose production in the kidneys (∼ 90% of the gluconeogenesis): Lactate, glutamine,103

glycerol, and alanine [21],[22]. All of these precursors are fully filtered by the glomerulus and104

almost completely metabolized in the proximal tubules [23, 24], following the same pathway as105

glucose. Previous research suggested that insulin is typically filtered at the glomerulus and then106

almost completely reabsorbed or degraded in the proximal tubule [25]. In contrast, glucagon has107
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little or no effect on renal gluconeogenesis [26, 27, 28].108

109

Depending on the concentrations of glucose, insulin, and their precursors in the blood, a certain110

amount of glucose is also produced via gluconeogenesis in the proximal tubule in the renal cortex.111

This glucose production occurs via biochemical reactions of different substrates, as mentioned112

before, and stimulated by enzymes in the proximal tubule. The end products of the biochemical113

reactions are partially reabsorbed into the blood, glucose is transported using sodium glucose114

cotransporters (SGLTs) in the proximal convoluted tubules, and the fraction that is not reabsorbed115

continues to flow via the loop of Henle, until it reaches the renal collecting duct and is excreted116

in the urine [29]. The glucose reabsorbed from the proximal tubules by SGLTs cotransporters is117

then released into the circulation through the action of facilitative glucose transporters (GLUTs)118

located in the basolateral membrane of the epithelial cells lining the proximal tubules [30]. The119

distal ends of the capillaries of each glomerulus converge to form the efferent arteriole, which leads120

to a second capillary network, i.e., the peritubular capillaries, that surround the renal tubules.121

Here the glucose is reabsorbed into the blood. Simultaneously, cells in the renal medulla consume122

glucose both in the postabsorptive and the postprandial state [21]. Virtually all of the filtered123

glucose is subsequently reabsorbed into the proximal convoluted tubule via sodium-dependent124

glucose cotransporter (SGLT) proteins [21]. The peritubular capillaries merge together and exit125

the kidney as the renal vein, containing all the reabsorbed substances.126

3.1.2. Model hypothesis and level of detail127

The nephrons are specialized structures composed of different parts. Each specific part carries128

out a specific function affecting blood glucose concentrations, as previously described. Therefore,129

the renal tissue is modelled as multiple individual nephrons to obtain a macroscopic model of130

the kidney’s role in the glucose homeostasis. The analogy proposed for representing an equivalent131

nephron to model the kidney’s role in the glucose homeostasis is shown in Figure 2. The glomerulus132

and the end of the proximal tubule where re-absorption of substances occurs are represented as133

two continuous filters. The proximal tubule where renal gluconeogenesis occurs is represented as a134

continuous stirred-tank reactor (CSTR) despite it being a long circular duct. The plug flow reactor135

behavior, which would be a more realistic representation, is not used here given its complexity and136

its little contribution to additional model precision. Glucose consumption by the kidneys is evalu-137

ated as the energy dissipated Q̇ assumed over the proximal tubule, even though it is consumed by138

the kidneys as a whole. The arrow representing heat (Q̇) does not affect the enthalpy of any cur-139

rent. Therefore, an energy balance is not required because this energy representing the metabolic140

processes in the nephrons is directly computed using an assessment equation. This is represented141

as a parameter of glucose consumption in Section 3.2. The blood flowing in all vessels surrounding142

each nephron and the kidneys, i.e., the renal artery, the renal vein, the efferent and the afferent143

arterioles, and the peritubular capillaries, is represented as a perfectly stirred tank. This model144
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Figure 1: Representation of one nephron with respect to glucose homeostasis.

makes it possible to simulate how renal physiology affects the blood glucose concentrations when145

exiting of the kidneys’ blood circulation.146

147
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Figure 2: Proposed analogy of a nephron and its role in the glucose homeostasis. Glomerulus and the part of

the proximal tubule where reabsorption of substances occurs are represented as a filter, the proximal tubule as a

continuously stirred reactor, and the circulatory system as a continuously stirred tank. Total energy consumption

Q̇, even if not computed as an energy balance, is used here to represent the glucose uptake in the nephrons to carry

out their metabolic processes.

Biochemical reactions occurring in the kidneys and involved in glucose homeostasis are detailed148

in Section 3.2. An important fact is that renal tissue is separated from blood both by the endothe-149

lium of capillaries and by the proximal tubule wall, which facilitates the assumed partition of the150

system and, consequently, the modeling hypothesis. The main variable of the modelled system151

is glucose dynamics, but insulin, water, and the substrates for renal gluconeogenesis: glutamine,152

lactate, alanine, and glycerol, are also analyzed because they also play a role in glucose production153

and consumption in the kidneys.154

The following ones are complementary assumptions supporting this hypothesis: i) Although155

blood is mostly water (more than 90%) [31] and this water is completely filtered in the kidneys,156

the only water considered to be exchanged between the interstitium and the tubular lumen is that157

which is required for biochemical reactions. For the sake of simplicity, water in the blood is not158

considered in the model in order to avoid having to include it in several balances without adding159

information to the model. ii) Parameters ṁ3 and ṁ4 are equivalent to ṅ3 and ṅ4 but in mass160

units. The meaning of the parameters are reported in Section 3.1.3. iii) The total mass balance of161

the PSII is assumed as the sum of the total moles of each component in the proximal tubule. iv)162

The term rEGP,i is assumed to be the total glucose production in the kidneys. v) The amount of163

precursor entering the tubule is exactly the amount needed to produce glucose. vi) All the water164

needed to form glucose and urine enters the lumen of the tubules from the glomeruli (stream 8).165
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3.1.3. Process system definition166

A process system (PS) is a part of a modeled object, abstracted from the real process in the167

form of a system using a specific criterion of partition over the modeled process or a part of it [32].168

Accordingly, every PS can be regarded as a volume in which a change occurs in the properties of the169

substances of interest. In the kidneys, four PSs are defined, as shown in Figure 3. The PS I (PSI)170

represents the glomerulus where blood is filtered and where all substances that can pass through171

the three layers of Bowman’s capsule reach the proximal tubule. Blood entering the glomerulus via172

the renal artery is represented by stream 1, but continues to flow through the capillaries (stream173

2) until it exits the kidneys via the renal vein (stream 7). The filtered substances travel through174

stream 3 and enter into the proximal tubule where gluconeogenesis takes place. This part of the175

proximal tubule is taken as PS II (PSII). Blood surrounding the kidneys is represented as a per-176

fectly stirred tank, considered as PS IV (PSIV ). Every biochemical reaction occurs in the first177

part of the proximal tubule where glucose is produced. This glucose continues towards the second178

filter via stream 4, making up the third process system, PS III (PSIII). The glucose and other179

substances are reabsorbed into the blood by stream 5. The non-reabsorbed substances continue180

through the tubule until they reach the collector duct to be eliminated later in urine (stream 6).181

Finally, water needed for the reactions and to form urine, is assumed to come from the interstitial182

space to the nephron via stream 8.183

184
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Figure 3: Block diagram of process systems taken for modelling the kidneys. Abbreviation for the chemical species

flowing through each stream are specified by the corresponding arrow.
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3.2. Construction of the mathematical model185

3.2.1. Application of the conservation principle186

Mass balances in molar units are applied to PSII to facilitate the handling of biochemical187

reactions in the kidneys. In the other PSs, mass units are used. Both, the total mass balance and188

mass balance for each substance of interest are considered. The mathematical development of each189

PS is as follows.190

3.2.2. PSI - Glomerulus191

As mentioned before, the glomerulus is considered a filter because its function of blood filtration192

across the capillary walls in the Bowman’s capsule. All mass flows will be represented by ṁk, k193

being the number of the stream in accordance with Figure 3.194

Total mass balance. The total mass balance of the PSI is given by195

dMI

dt
= ṁ1 − ṁ2 − ṁ3 + ṁ8 (1)

where MI is the total mass of substance contained into PSI , ṁ1 is the blood flow supply from196

an afferent arteriole of the renal arterial circulation received by the glomerulus. ṁ2 represents the197

blood flow from the glomerular capillaries, and free of filtered substances, and that continues to198

flow towards the renal venule, which in turn enters a renal interlobular vein and then the renal vein.199

ṁ3 is the filtered flow that has passed through the three-layered filtration unit and the Bowman’s200

space to flow into the renal tubule. ṁ8 represents the flow of water exchanged with the interstitial201

space to carry out the chemical reactions that take place in the renal tubules and the water to202

form urine. The water exchange between the tubules and the interstitial space is due to the sodium203

equilibrium. This sodium is not used in the biochemical reactions and therefore not considered in204

this model. dMI

dt = 0 because there is no mass accumulation in the glomerulus. In this way, the205

total mass balance for PSI is206

ṁ2 = ṁ1 − ṁ3 + ṁ8 (2)

with ṁ2 being the unknown variable because ṁ1 and ṁ8 are operative parameters, and ṁ3 is207

known thanks to reactive demand from PSII .208

Component mass balance. In PSI , the mass balance component for glucose (G) is of209

particular interest, as it is directly related to the answer to the model question, i.e., the change in210

the mass fraction of glucose in the bloodstream due to the consumption and production of glucose211

in the kidneys. However, a mass balance is also performed for other components of interest such as212

insulin (Ins), water (W), and non-carbohydrate precursors such as glutamine (Gluta), lactate (Lac),213

alanine (Ala), and glycerol (Gly). Balance for glucagon is not performed because, as mentioned214
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earlier, glucagon does not play an important role in the kidneys [26, 27]. The component mass215

balance is written in generic form as216

dMj,I

dt
= wj,1 ṁ1 − wj,2 ṁ2 − wj,3 ṁ3 + wj,8 ṁ8 (3)

where wj,k is the mass fraction of component j in the stream k, with j : G, Ins, Gluta, Lac, Ala,217

Gly, and W. The term wj,2 = 0 because G, Ins, Gluta, Lac, Ala, and Gly are entirely filtered by the218

glomerulus and they cross the capillaries located within Bowman’s capsule freely. Moreover, these219

substances enter the glomerulus from the bloodstream and not from the interstitial space, therefore220

wj,8 = 0 too except for water, which wW,8 = 1. Considering that no substances are accumulated221

in PSI ,
dMj,I

dt = 0, and considering perfect agitation for stream 3, it is possible to rewrite the mass222

balances, for a generic component in PSI , as the following algebraic expression223

wj,3 =
wj,1 ṁ1

ṁ3
(4)

where wj,3 is the mass fraction of component j (for j 6= W ) filtered by the glomerulus and wj,1224

the mass fraction of component j reaching the glomerulus from the afferent arteriole.225

When considering the mass balance for water, this substance enters the glomerulus by stream 8226

and continues in stream 3, being wW,1 = wW,2 = 0 from Equation 3. There is no water accumulation227

in the glomerulus, so
dMW,I

dt = 0. Thus, the mass balance for water is228

wW,3 =
wW,8 ṁ8

ṁ3
(5)

3.2.3. PSII - Proximal tubule where glycolysis and gluconeogenesis take place229

The first part of the proximal tubule, called proximal convoluted tubule, where glycolysis and230

gluconeogenesis take place, is modelled as a continuous stirred tank reactor (CSTR). Endogenous231

production of glucose involves the formation of glucose-6-phosphate from the non-carbohydrate232

precursors lactate, glycerol, alanine, glutamine, and amino acids, with its subsequent hydrolysis233

by glucose-6-phosphatase to glucose. Therefore, these four precursors together with insulin and234

glucose are the substances of interest to be balance in this PS. As previously mentioned, in PSII ,235

molar units are used for balances to facilitate the handling of chemical reactions. All molar flows236

are presented by ṅk, k being the number of the stream as indicated in Figure 3.237

Total mass balance. This balance for PSII is written in a generic form as238

dNII
dt

= ṅ3 − ṅ4 +
∑∑

(rEGP,i σj,i) (6)

where NII is the total mass of substance, taken as kilo-mole, in PSII . ṅ3 is the molar flow,239

equivalent to ṁ3 through units conversion, of the filtrate flowing from the Bowman’s capsule240

to the proximal tubule. The products of chemical reactions continue to flow into the proximal241

straight tubule until they reach the loop of Henle. They are represented by ṅ4. rEGP,i is the242
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reaction rate for endogenous glucose production by the kidneys. Subindex i represents the four243

chemical reactions, and j, the reaction products, glucose, water, NH3, CO2, insulin, and the four244

main precursors considered for the renal endogenous glucose production, σj,i is the stoichiometric245

coefficient of each substance j in the balanced equation for reaction i. The sign of σj,i is positive246

if the substance is a product and negative if it is a reactant. σj,i = 0 indicates that substance247

j does not react. This balance equation indicates that NII changes due to the appearance or248

disappearance of particular substances when biochemical reactions take place. This is evaluated249

using the double sum (over i and j) at the end of the balance. The biochemical reactions of250

gluconeogenesis through non-carbohydrate precursors are as follows.251

Reaction i = 1. Endogenous glucose production via glutamine is given by the following balanced252

stoichiometric equation [33]253

Glutamine+ 2NAD+ + FAD+ +ATP + 5H2O →

2NH3 + 2CO2 + 2NADH+ + 2H+ + FADH2 +ADP + Pi+ 0.5Glucose
(7)

254

Reaction i = 2. Endogenous glucose production via lactate. Lactate first becomes pyruvate255

and then pyruvate is synthesized into glucose [34]256

L− Lactate+ 2ATP +GDP + 3H2O → 0.5Glucose+ 2ADP +GDP + 3Pi (8)

257

Reaction i = 3. Endogenous glucose production via alanine. This reaction is similar to lactate258

reaction, but glucose production via alanine produces ammonia that is then eliminated in urine259

[34]260

Alanine+ 2ATP +GTP + 4H2O → 0.5Glucose+NH3 + 2ADP +GDP + 3Pi (9)

261

Reaction i = 4. Endogenous glucose production via glycerol. The metabolic pathway of262

glycerol is shorter than others and glycerol is perhaps the only precursor that is not first converted263

via pyruvate [35]264

Glycerol +ATP +NAD+ +H2O → 0.5Glucose+ADP + 0.5Pi+NADH+ +H+ (10)

265

In this PSII , j is used for the following substances, each one with a component balance in the266

biochemical reactions previously detailed: glucose (G), insulin (Ins), glutamine (Gluta), lactate267

(Lac), alanine (Ala), glycerol (Gly), water (W), ammonia (NH3), and carbon dioxide (CO2).268

Following the sign convention and from previous balanced stoichiometric equations, the signs of269

the reaction rates are positive for G, NH3, and CO2, and negative for Gluta, Lac, Ala, Gly, and270

W.271

The total mass balance in kmol units is useful to follow the moles, but does not represent the272

operating conditions of the constant reactor volume. Therefore, this operational condition must273

be represented by stating a constitutive equation as the sum of the total moles of every component274

of interest as shown in Equation 11, detailed in Section 3.2.8 and in Table 3.275

Component mass balance. In this PS, component mass balances are performed for G, Ins,276

Gluta, Lac, Ala, Gly, W, NH3, and CO2. Balances for glucagon are not performed given that as277
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mentioned earlier, cells in the renal cortex responsible for the gluconeogenesis have little phospho-278

rylating capacity and, under normal conditions, they cannot significantly synthesize glycogen [22].279

Therefore, glucagon has no glycogen to dephosphorylate in the kidneys, as this occurs in the liver.280

Note that ammonia and carbon dioxide are produced in the reactions, they do not enter the proxi-281

mal convoluted tubule, therefore the molar fractions of these substances are xNH3,3 = xCO2,3 = 0.282

Insulin does not participate in any chemical reaction because its function is related to the inhibition283

of glucose production, thus σIns,i = 0. Also, the sum of the four terms rEGP,i is considered as the284

total renal endogenous glucose production. With the above in mind, the following general equation285

represents the dynamic behavior of each substance j in the proximal convoluted tubule286

dNj,II
dt

= xj,3 ṅ3 − xj,4 ṅ4 +
∑

(rEGP,i σj,i)− rj (11)

where Nj,II are the total moles of component j in the PSII , xj,3 is the molar fraction of287

component j entering the proximal convoluted tubule to react mainly with water, xj,4 is the molar288

fraction of component j that continues to flow into the proximal tubule to reach the loop of Henle.289

It is assumed that all the precursors are fully filtered from the bloodstream. However, how much290

the reactions progress exactly is unknown, and probably not all the available reactant is consumed.291

rj represents the consumption or clearance of the substance j by the renal cells. The term rj = 0292

for the precursors, as well as for water, carbon dioxide, and ammonia, but rj 6= 0 for glucose and293

insulin. In the balance equation for glucose, rj = rcgc and is the rate of cells glucose consumption for294

their metabolic processes. In the balance equation for insulin, rj = ric and is the insulin clearance295

in the kidneys. Using the perfect mixing condition of all substances into the proximal convoluted296

tubule: xj,II = xj,4, the total mass in kmol of substance j could be expressed as Nj,II = xj,4NII .297

Applying the chain rule with the equivalence Nj,II = xj,4NII and replacing this expression in 11298

gives299

xj,4
dNII
dt

+NII
dxj,4
dt

= xj,3 ṅ3 − xj,4 ṅ4 +
∑

(rEGP,i σj,i)− rj (12)

Substituting Equation 6 in Equation 12 and solving for
dxj,4
dt provides:300

dxj,4
dt

=
1

NII

(
xj,3 ṅ3 − xj,4 ṅ4 +

∑
(rEGP,i σj,i)− rj − xj,4 ṄII

)
(13)

where parameter ṄII = dNII
dt .301

3.2.4. PSIII - Proximal tubule where reabsorption occurs302

The proximal tubule where reabsorption happens is considered a continuous filter that separates303

the substances that the body must conserve and the substances that must be eliminated.304

Total mass balance. The total mass balance of this PS is305

dMIII

dt
= ṁ4 − ṁ5 − ṁ6 (14)
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where MIII is the total mass of substances in the proximal tubule where reabsorption takes306

place, ṁ4 is the mass flow coming from the proximal convoluted tubule, equivalent to ṅ4 in molar307

units. Reabsorbed substances to the bloodstream are represented by mass flow ṁ5, while the term308

ṁ6 is the mass flow of the substances flowing into the loop of Henle to be eliminated in the urine;309

that is, substances that were not reabsorbed into the bloodstream.310

In this part of the long tubular portion in the nephron, the mass is not accumulated, therefore311

dMIII

dt = 0. The term ṁ4 is calculated from the volumetric flow entering and leaving the entire312

proximal tubule so that the reactor operates at a constant volumetric holdup. With that in mind313

and solving for the mass flow of reabsorbed substances, ṁ5, the total mass balance for PSIII is314

ṁ5 = ṁ4 − ṁ6 (15)

Component mass balance. In this PS, the substances to be balanced are the same as in315

the previous PS, i.e., all reactants and products of the chemical reactions which took place in the316

proximal convoluted tubule. Balance for component j can be expressed in a generic form as317

dMj,III

dt
= wj,4 ṁ4 − wj,5 ṁ5 − wj,6 ṁ6 (16)

where Mj,III is the total mass of component j into the proximal tubule where the reabsorption318

of different substances, including glucose and proteins as the main substances reabsorbed in the319

glomerulus, occurs. This part of the proximal tubule is hypothesized as a filter, in which sub-320

stances are separated. Thus, two internal compartments are assumed but not declared as new321

PSs. One for transferred mass and the other for the perfect mixing substance. In this case, there322

are two exit streams, one of them (ṁ5) is the separate flow or mass transfer flow containing the323

reabsorbed substances separated from the fluid in the convoluted tubules to return to the blood-324

stream. This exit stream does not have the same concentration as the internal part of the PS325

and perfect agitation cannot be assumed for this stream. Fluid flows from stream 4 and continues326

into stream 6, for which a perfect agitation is assumed, thus the equivalence wj,III = wj,6 and327

Mj,III = wj,6MIII could be applied to solve the derivative of Mj,III , recalling that MIII is con-328

stant
(
dMj,III

dt = MIII
dwj,6
dt

)
. Considering no mass accumulation in PSIII ,

dwj,6
dt = 0. Knowing329

that insulin, and precursors are completely reabsorbed into the bloodstream (wj,6 = 0), the final330

component mass balance for component j is written as331

wj,5 =
wj,4 ṁ4

ṁ5
(17)

for j = Ins, Gluta, Lac, Ala, Gly. The glucose balance is expressed by332

wG,5 =
wG,4 ṁ4 − wG,6 ṁ6

ṁ5
(18)

taking into account that wG,6 = 0 for healthy people because of the SGLT saturation, and333

wG,6 6= 0 for people with hyperglycemia. This is because when the glucose in the bloodstream is334
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higher than 180 mg/dl, glucose is eliminated via the urine. In contrast, if a person under normal335

conditions is considered, the mass balance for glucose (Equation 18) is identical to Equation 17.336

When considering water, its reabsorption is tightly coupled to passive sodium reabsorption,337

meaning that when sodium moves, water follows. Therefore, most of the solute reabsorbed in338

the proximal tubule is in the form of sodium bicarbonate and sodium chloride, and about 70% of339

the sodium reabsorption occurs here, implying that 70% of water is also reabsorbed maintaining340

extracellular body fluid volume. The remaining 30% continues to flow in the renal tubules to341

form urine, represented here as stream 6. Even though the water is filtered simultaneously in the342

glomeruli and the tubules for simplicity, in the model, it is assumed that all water enters the lumen343

of the tubules via the glomeruli (stream 8). Additionally, net water circulating in the nephron344

is the only water considered in the model, i.e., water flowing to keep the equilibrium with the345

interstitium is not taken into account. The consequence is that water is not reabsorbed into the346

bloodstream and thus, wW,5 = 0. Ammonia and carbon dioxide are also not reabsorbed into the347

bloodstream but they continue to flow in the long tubule to be eliminated via the urine, therefore348

wNH3,5 = wCO2,5 = 0. Hence, the generic form of the balance for W, NH3, and CO2 is349

wj,6 =
wj,4 ṁ4

ṁ6
(19)

3.2.5. PSIV - Blood circulating in the kidneys350

Blood circulating in the peritubular capillaries in the kidneys is hypothesized as a continuous351

stirred tank that homogenizes filtered and reabsorbed blood to leave the renal vein and reintegrate352

into the bloodstream. Balances will be calculated in units of mass to know how the concentration353

of glucose changes after passing through the kidneys.354

Total mass balance. The total mass balance for PSIV in mass units is given by355

dMIV

dt
= ṁ2 + ṁ5 − ṁ7 (20)

with MIV the total mass of blood contained in the system irrigating the nephrons. Since no356

mass accumulation is assumed, dMIV

dt = 0 and the total mass balance yield357

ṁ7 = ṁ2 + ṁ5 (21)

Component mass balance. Ammonia, and carbon dioxide are not reabsorbed into the blood358

because of the presence of water. Thus, the substances to be balanced in this PS are G, Ins, Gluta,359

Lac, Ala, and Gly. Balance for the substances of interest can be written in a generic form as360

dMj,IV

dt
= wj,2 ṁ2 + wj,5 ṁ5 − wj,7 ṁ7 (22)

where Mj,IV is the total mass of component j = G, Ins, Gluta, Lac, Ala, Gly, into the blood361

flowing through the kidneys. Using the assumption of perfect agitation, the equivalence wj,IV =362
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Table 1: Equations of the model’s basic structure.

Process system Equations

PSI

ṁ2 = ṁ1 − ṁ3 + ṁ8

wj,3 =
wj,1 ṁ1

ṁ3

wW,3 =
wW,8 ṁ8

ṁ3

PSII

dNII
dt = ṅ3 − ṅ4 +

∑
(rEGP,i σj,i)

dxj,4
dt = 1

NII

(
xj,3 ṅ3 − xj,4 ṅ4 +

∑
(rEGP,i σj,i)− rj − xj,4 ṄII

)

PSIII

ṁ5 = ṁ4 − ṁ6

wj,5 =
wj,4 ṁ4

ṁ5

wG,5 =
wG,4 ṁ4−wG,6 ṁ6

ṁ5

wj,6 =
wj,4 ṁ4

ṁ6

PSIV
ṁ7 = ṁ2 + ṁ5

dwj,7
dt = (wj,5 ṁ5 − wj,7 ṁ7) 1

MIV

wj,7 and Mj,IV = wj,7MIV can be applied to solve the derivative of Mj,IV , with MIV constant.363

Replacing this derivative solution in Equation 22, and keeping in mind that the substances of364

interest are completely filtered in the glomerulus, i.e., stream 2 is free (wj,2 = 0) of those substances,365

the final component mass balance for component j is written as366

dwj,7
dt

= (wj,5 ṁ5 − wj,7 ṁ7)
1

MIV
(23)

3.2.6. The basic structure of the model367

In this section, the equations deduced from the previous steps with relevant information to368

answer the model question are taken to form the model’s basic structure. Consequently, the369

equations with valuable information for PSI are 2, 4, and 5, keeping in mind that Equation 4370

produces six other equations, one for every component j: glucose (G), insulin (Ins), glutamine371

(Gluta), lactate (Lac), alanine (Ala), and glycerol (Gly). For PSII the equations are 6 and 13,372

considering in the case of Equation 13, j as glucose (G), insulin (Ins), glutamine (Gluta), lactate373

(Lac), alanine (Ala), glycerol (Gly), water (W), ammonia (NH3), and carbon dioxide (CO2),374

producing nine other equations. For PSIII the equations are 15, 17, 18, 19, keeping in mind that375

Equation 18 is valid for people with diabetes, but for people under usual conditions, Equation 17376

is also valid for glucose. Additionally, Equation 17 produces five other equations, one for every377

component j: Ins, Gluta, Lac, Ala, and Gly. Equation 19 produces three other equations: water,378

NH3, and CO2. Finally, for PSIV , the equations with relevant information are 21 and 23, where379

Equation 23 produces six other equations, one for every component j: G, Ins, Gluta, Lac, Ala, and380

Gly. Consequently, the model’s basic structure has 35 equations which are summarized in Table 1.381
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Table 2: Model variables, structural parameters, and structural constants.

PSI PSII PSIII PSIV Total

Variables ṁ2, wj,3, wW,3 NII , xj,4 ṁ5, wj,5, wG,5, wj,6 ṁ7, wj,7 35

Structural

Parameters

ṁ1, ṁ3, ṁ8

wj,1, wW,8

ṅ3, ṅ4, rEGP,i

rj , ṄII

ṁ4, ṁ6, wG,6 MIV 23

Structural

Constants

- σj,i - - 15

The indexes are j = G, Ins, Gluta, Lac, Ala, Gly, W, NH3, CO2; i (via of biochemical reactions): 1 =Gluta,

2 =Lac, 3 =Ala, 4 =Gly.

3.2.7. Variables, structural parameters, and structural constants382

In this step, the symbols forming the equations selected for the basic structure of the model383

previously reported are classified as variables, structural parameters, and constants. Variables are384

defined here as the unknowns that will be solved by the model, and they are intentionally set on385

the left side of the equations, while constants are universal values or fixed values determined by386

the modeler. Note that the structural parameters have not been calculated yet or nor have they387

been replaced in the equations by their numerical values. This is intended to avoid those structural388

parameters from losing their inherent interpretability as a result of their origin, directly from the389

application of the conservation law in each PS. To calculate them, new levels of specification will390

be opened, where the functional parameters will be defined [32], as established in the following391

step. A summary with the model variables and both structural parameters and constants for every392

PS is provided in Table 2.393

Note that wj,3 is declared as a variable of PSI , therefore, xj,3 is also considered as a variable394

and not as a structural parameter. This equivalence is directly deduced through units conversion.395

Additionally, wj,4 is the variable xj,4 but in mass units, hence, wG,4 and wW,4 too have to be solved396

by the model.397

3.2.8. Constitutive and assessment equations for structural and functional parameters and defini-398

tion of constants399

Constitutive and assessment equations are generally algebraic equations used to define unknown400

parameters of every process system. A constitutive equation approximates the response of a phys-401

ical quantity to external stimuli using a law or principle. Darcy’s law, Arrhenius’ law, heat, mass,402

and the momentum rate of transfer laws, among others, are examples of constitutive equations. In403

some cases, when it is not possible to use a law or principle to define an unknown parameter, an404

empirical correlation could be used. On the other hand, an assessment equation is a mathematical405

relation to assess a parameter’s numerical value, without any intention of descriptively linking406

the calculated numerical value to the phenomena occurring in the process being modeled. New407
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parameters appearing in the constitutive equations are called functional parameters. Constitutive408

and assessment equations used to define both structural and functional parameters make up the409

extended structure of the model [32].410

When a new mathematical equation is used to define a parameter, a new specification level411

appears. The specification level can offer new insights into the process and can provide useful412

information to produce the output of the model. In other words, the specification levels can413

increase knowledge regarding the process of interest. New specification levels will be opened until414

having all parameters of the model defined as a numerical value. Constitutive and assessment415

equations of the extended structure are determined by the modeler because each equation can416

be stated with a different level of detail following the specific modeler preferences or available417

knowledge of the phenomena [32].418

Constitutive and assessment equations which define the structural parameters of the model419

of the kidneys and their role in glucose metabolism are reported in Table 3. Table 4 reports420

constitutive equations that define the model’s functional parameters. In these tables, the columns421

report the number of equations generated when the parameter is defined. Finally, assessment422

equations or values of fixed functional parameters and constants of the model are given in Table 5.423

The procedure to establish numerical values to identified parameters follows the typical gradient424

method so as to reduce the model prediction error for real data available in the literature. However,425

the numerical values are only optimal for the process of interest in the modeled phenomena, but426

nothing can be said about their uniqueness or the robustness of the steady-state values found, as427

a sensitivity analysis was not conducted. Note that, as previously mentioned, symbols wj,4 and428

xj,3 are considered the same variables as xj,4 and wj,3, respectively. However, these species are429

different, variables xj,k are expressed in molar fraction units, whereas wj,k are assumed in mass430

fraction. The conversion between the two variables occurs through the molecular mass of substance431

j, a trivial equation not included in the model. The constant molecular mass of the water MW is432

included in the evaluation of the functional parameter Mj .433

3.2.9. Degrees of freedom analysis434

The mathematical model can be solved only if the number of unknowns in the model, which435

includes variables and both structural and functional parameters of the model, and the number of436

equations is equal; that is, if the model’s degrees of freedom are equal to zero. The analysis of the437

degrees of freedom of the derived model is summarized in Table 6. Constitutive equations to define438

functional parameters reported in Table 4 and assessment equations to define functional parameters439

reported in Table 5 are considered in the total number of functional parameters reported in Table440

6.441
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Table 3: Constitutive and assessment equations for structural parameters of the model.

# Description Constit. and Asses. Equation Instances Reference

1
Mass flow rate of blood entering the

kidneys (stream 1).
ṁ1 = ρb V̇b 1 [36]

2

Mass flow rate of components of inter-

est filtered in the glomerulus (stream

3).

ṁ3 = ṁ1

∑
j wj,1 + ṁ8 wW,8 1 [36]

3

Mass flow rate of components entering

the glomerulus from the interstitium

(stream 8).

ṁ8 = wW,6 ṁ6 + ṅW,rxMW 1 [36]

4
Mass fraction of component j entering

the kidneys by the renal artery.
wj,1 = Cj,1

1
ρb

Mj 6 UC

5
Mass fraction of water entering the

glomerulus from the interstitium.
wW,8 = 1 1 A

6
Molar flow of mix being filtered in the

glomerulus.
ṅ3 =

∑
j ṅj,3 1 [36]

7
Molar flow of reaction products in the

proximal tubule.
ṅ4 = V̇4 ρmix

Mmix
1 UC

8

Reaction velocity of endogenous glu-

cose production via non-glucidic pre-

cursors, with j : Gluta, Lac,Ala,Gly.

rEGPi = k0,EGPi Cj,4 e
−EaEGPi

RT 4 [36]

9
Rate of cell glucose utilization in the

kidneys.
rcgc = 11.1− 55 µmol

(Kg−min) 1 [30]

10
Reaction of insulin degradation in the

kidneys.
ric = k0,Ins CIns,4 e

(−EaIns
RT ) 1 [30]

11
Differential of total mass in molar

units of substances in PSII
ṄII =

∑
Ṅj,II 1 A

12
Mass flow of reaction products in the

proximal tubule.
ṁ4 = ṅ4 Mmix 1 UC

13
Mass flow of reaction products going

to the collecting duct.
ṁ6 = V̇u ρu 1 [36]

14 Mass fraction of glucose in the urine. wG,6 =
ṁG,6
ṁ6

1 [36]

15
Total mass of blood flowing the kid-

neys.
MIV = ρb Vb 1 [36]

Abbreviations. UC: unit conversion, A: assumed. Indexes j = G, Ins, Gluta, Lac, Ala, Gly, W, NH3, CO2. Indexes i (via

biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.
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Table 4: Constitutive equations for functional parameters of the model.

# Description Constit. and Asses. Equation Instances Reference

1
Molar flow of substances of interest

being filtered in the glomerulus.
ṅj,3 = ṅj,1 + ṅW,8 7 [36]

2

Molar flow of substances of inter-

est entering the kidneys by the renal

artery.

ṅj,1 =
ṁ1wj,1
Mj

6 UC

3
Volumetric flow of products of reac-

tions taking place in proximal tubule.
V̇4 =

∑
V̇j,3 1 A

4

Density of mix (all components) in

the reactor representing the first part

of proximal tubule.

ρmix = 1∑ wj,4
ρj

1 [36]

5

Molar mass of mix (all components)

in the reactor representing the first

part of proximal tubule.

Mmix =
∑
xj,4 Mj 1 [37]

6
Volumetric flow of substances enter-

ing the proximal tubule.
V̇3 =

∑
V̇j,3 1 A

7
Volumetric flow of component j fil-

tered in the glomerulus.
V̇j,3 = ṅj,3 Mj

1
ρj

7 [36]

8

Molar-volumetric concentration of

component j, after every gluconeoge-

nesis reaction i (in stream 4).

Cj,4 =
xj,4 ρmix
Mmix

9 [36]

9
Mass flow of glucose in the urine. It

is zero in healthy people.
ṁG,6 =

 0→ wG,1 < wG,Lim

ṁ1 (wG,1 − wG,Lim)→ wG,1 > wG,Lim
1 O

10
Mass fraction limit of glucose ab-

sorbed by the kidneys.
wG,Lim = CG,Lim

MG

ρb
1 UC

Abbreviations. O: own equations, UC: unit conversion, A: assumed. Indexes j = G, Ins, Gluta, Lac, Ala, Gly, W, NH3, CO2. Indexes

i (via biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.
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Table 5: Assessment equations for functional parameters of the model. The numerical values are fixed parameters

in the model. Constants of the model are also reported in this table shown in the “value” column.

Symbol Description Value Reference

ρb Density of the blood. 1060 kg/m3 [20]

V̇b Volumetric flow of blood irrigating the kidneys. 1.2 L/min [20]

ṅW,rx
Number of moles of water consumed during the re-

actions in the proximal tubule per second.
9.1749µmol/s [20]

Cj,1
Molar-volumetric concentration of component j at

blood entering the kidneys.
[36]

Mj Molar mass of component j (known value). A

ρj Density of component j (known value). A

k0,EGP1

Glucose production rate constant via glutamine in

the proximal tubule.
107.9 × 10−9m3/s I

k0,EGP2

Glucose production rate constant via lactate in the

proximal tubule.
35.2 × 10−13m3/s I

k0,EGP3

Glucose production rate constant via alanine in the

proximal tubule.
52.5 × 10−10m3/s I

k0,EGP4

Glucose production rate constant via glycerol in the

proximal tubule.
60.5 × 10−11m3/s I

k0,Ins

Insulin clearance rate constant in the proximal

tubule.
0.85 × 10−6m3/s I

EaEGP1

Activation energy of glucose production via glu-

tamine.
3.55 × 107 kJ/kmol I

EaEGP2 Activation energy of glucose production via lactate. 8.9 × 106 kJ/kmol I

EaEGP3
Activation energy of glucose production via alanine. 2.82 × 107 kJ/kmol I

EaEGP4
Activation energy of glucose production via glycerol. 2.18 × 107 kJ/kmol I

EaIns Activation energy of insulin clearance in the kidneys. 35000 kJ/kmol I

R Universal constant for ideal gas. 8.314 J/molK [36]

T Corporal temperature. 37 ◦C [38]

Abbreviations. I: identified, A: assumed. Indexes j = G, Ins, Gluta, Lac, Ala, Gly, W, NH3, CO2. Indexes i (via

biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.

20



Symbol Description Value Reference

V̇u
Volumetric flow leaving from collecting duct to form

urine.
1.5L/dia [20]

ρu Density of urine. 1017.5g/L [20]

CG,Lim Concentration limit of glucose absorbed by the kidneys. 180mg/dl [20]

Vb Blood volume irrigating the kidneys. 0.60,mL [20]

σj,i
Stoichiometric coefficient for j= glutamine, lactate, ala-

nine, glycerol, and water in the reaction i.
−1

[33, 34,

35]

σj,1
Stoichiometric coefficient for j= ammonia, carbon diox-

ide in the reaction of glucose production via glutamine.
2

[33, 34,

35]

σG,i
Stoichiometric coefficient for glucose production in the

reaction i.
0.5

[33, 34,

35]

σW,1
Stoichiometric coefficient for water in the reaction of

glucose production via glutamine.
−5

[33, 34,

35]

σW,2
Stoichiometric coefficient for water in the reaction of

glucose production via lactate.
−3

[33, 34,

35]

σW,3
Stoichiometric coefficient for water in the reaction of

glucose production via alanine.
−4

[33, 34,

35]

σNH3,3

Stoichiometric coefficient for ammonia in the reaction of

glucose production via alanine.
1

[33, 34,

35]

Abbreviations. I: identified, A: assumed. Indexes: j = G, Ins, Gluta, Lac, Ala, Gly, W, NH3, CO2. Indexes i

(via biochemical reactions): 1 =Gluta, 2 =Lac, 3 =Ala, 4 =Gly.

Table 6: Degrees of Freedom.

V SP FP Net DoF

Equations 35 23 58 116 0

Unknowns 35 23 58 116

Abbreviations. V: variables, SP: structural parameters, FP: functional parameters, Net: sum

of SP + FP + V , and DoF: degrees of freedom (difference between unknowns and equations).
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3.3. Simulation of the computational model442

3.3.1. Computational model construction443

The model was programmed and solved using MatLabr.444

3.3.2. Model Validation445

The mathematical model was fitted to data reported in the literature but a real validation with446

data taken in real patients is still pending. The strategy to fit the mathematical model is discussed447

extensively in the next section.448

4. Results and discussion449

This section presents the results of a 1.5h simulation of the renal model and its role in glucose450

metabolism for a person under normal conditions. As mentioned earlier, a validation model using451

real data has not yet been tested. However, following a broad range of published data (see Table452

7), the results of the model were compared according to the available physiological knowledge in453

the literature. The final steady-state values of the variables were adjusted following the data in454

the literature. The model is also intended to describe the dynamic behavior of glucose as it passes455

through the kidneys. However, an experimental evaluation of the dynamic behavior is not possible456

as, to date, the required data have not been available. Most of the data report the rate of glucose457

release into the circulation by kidneys for the post-absorptive state, including specific data for458

every main non-carbohydrate precursor. Around 20-25% of glucose released into the circulation459

after overnight fasting comes from the kidneys, and the remaining 75-80% comes from the liver. In460

contrast and surprisingly, in the postprandial state, renal gluconeogenesis increases approximately461

twofold and around 60% of glucose is released into the circulation, as indicated in Table 7. In462

contrast to the percentage of glucose production in the kidneys, which is known, the amount of463

glucose derived from every non-carbohydrate precursor in the postprandial state is not known.464

Table 7 shows the average values for each precursor based on all data found in the literature.465

Values for the utilization of each precursor are calculated based on the stoichiometric equations466

previously reported in Section 3.2.467

Table 7 shows that the glucose production derived from glutamine is around 0.623µmol/s468

when using 1.246µmol/s of glutamine. This value corresponds to 4% of total glucose released469

into the circulation. In turn, lactate is more freely available in the blood, therefore, glucose470

production from lactate is estimated as ∼ 1.557µmol/s, representing a 10% of the total glucose471

production in the kidneys. Alanine and glycerol precursors produce 0.467µmol/s and 0.311µmol/s,472

respectively, corresponding to 3% and 2% of the total renal gluconeogenesis. The results of the473

model are illustrated by the following. Figure 4 illustrates the total renal glucose production in474

both postprandial and post-absorptive states, once again evincing that the model responses reach475

the numerical values reported in Table 7. Solid lines indicate the model response and dashed476
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Table 7: Data for renal endogenous glucose production (EGP) in both post-absorptive and postprandial state.

Precursor Renal EGP

[µmol/s]

Precursor

utilization

[µmol/s]

% Overall rate

of glucose pro-

duction

Reference

Post-absorptive

state
Glutamine 0.623 (4%) 1.246

20-25% [28, 33, 39]
Lactate 1.557 (10%) 3.114

Alanine 0.467 (3%) 0.934

Glycerol 0.311 (2%) 0.622 [22, 30, 40]

Other 0.156 (1%) -

Post-prandial

state
8.647 60% [41, 39, 42]

lines are the reference values taken from the literature. During the postprandial state, the model477

response shows a renal glucose production of 8.569µmol/s, corresponding to 60% of the total478

glucose released into the bloodstream. This value is close to the reference value of 8.647µmol/s479

represented with dashed lines. For the post-absorptive state, the model response indicates a renal480

glucose production of 2.955µmol/s, which is almost the same reference value as the dashed lines,481

i.e., 3.11µmol/s, representing almost 20% of the total glucose released into the bloodstream. It482

is worth clarifying that the computational model was solved only for the post-absorptive state483

because the rate of glucose production for each precursor is available in the literature for this484

state. However, for the postprandial state, the total percentage of glucose produced is known but485

the amount produced by each precursor is not specified. In this sense and knowing that in the486

postprandial state the kidneys produce around 60% of the total glucose in the post-absorptive state,487

the results for this state were multiplied by 2.9 to obtain the postprandial state, in accordance with488

[30].489

Renal gluconeogenesis for the different precursors is shown in Figure 5, where the amount of490

glucose production from every non-carbohydrate precursor (shown in solid black lines) reaches491

the average values previously reported (dashed gray line), proving correct behavior of the model492

predictions. In this sense, the model responses show a renal glucose production via glutamine493

of 0.6162µmil/s, via lactate of 1.553µmol/s, via alanine of 0.4766µmol/s, and via glycerol of494

0.308µmol/s. These values are very close to the reference values derived from the literature495

[27, 30, 41, 33, 29, 24, 42] and reported in Table 7.496

The available literature on glucose metabolism in the kidneys reports more studies focusing on497

an analysis of the metabolism of precursors in the kidneys than on glucose production itself. It498

is worth remembering that the result illustrated in Figure 5 illustrates the glucose production in499

the kidneys during the post-absorptive state and that a similar curve is not possible for the post-500
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Figure 4: Renal gluconeogenesis in postprandial (upper curve) and post-absorptive state (lower curve). Solid curves

are the model response and dashed lines are values of the experimental data reported in the literature. In the

postprandial state, the solid line reaches a renal glucose production of 8.569µmol/s, whereas for the post-absorptive

state, the solid line reaches a renal glucose production of 2.955µmol/s. The output quantities reported in the figure

are computed from the state variables of the Equation 13, but expressed in µmol/s units.

prandial state because the literature does not report the amount of glucose production via every501

non-carbohydrate precursor, but rather the total glucose production. Additionally, it is important502

to mention that the role of hormones such as insulin and glucagon was not considered in the503

model. The role of the glucagon in renal glucose production is not evinced in the literature, and504

insulin is assumed to be produced and released in the pancreas according to glucose concentration.505

Insulin decreases glycerol uptake and increases lactate uptake in the kidneys, reducing renal glucose506

production probably not only due to the reduction of the substrates but also because of other507

intrarenal mechanisms [28]. On the other hand, the concentration of epinephrine, rather than that508

of glucagon, is responsible for the increased renal glucose production.509

Recalling that the kidneys act as controlling agents by keeping an equilibrium between the blood510

glucose concentration in the renal artery and renal vein, evidence of this by the model responses511

is given in Figure 6. This means that when a person under normal conditions who has a blood512

glucose concentration around of 90mg/dl in the renal artery, the glucose concentration in the renal513

vein will also be around 90mg/dl. This fact also implies a proportional response in the renal vein514

to the renal artery when blood glucose concentration increases after a meal (postprandial state).515

It is also important to mention that the kidneys are not responsible for the complete control of516

the glucose concentration in the human body. This homeostasis mechanism is conducted jointly517

by several organs. For this reason, in Figure 6, the dynamic response does not reach the desired518

steady-state. However, the glucose concentration in the renal vein is close to glucose concentration519

in the renal artery. The difference is approximately 1mg/dL. Here, the simulation time taken to520

obtain the steady-state of glucose concentration in the renal vein is of 4.0 hours.521
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Figure 5: Renal endogenous glucose production via main non-carbohydrate precursors during post-absorptive state.

Dashed lines indicate reference values taken from the literature and solid lines are the model responses of glucose

production via every precursor. Lactate produces about 10% glucose, 4% glutamine, 3% alanine, and 2% glycerol,

for a total glucose production of approximately 20-25% of the total glucose released into the bloodstream.
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Figure 6: Dynamics of the glucose concentration entering the kidneys via renal artery and leaving the kidneys via

renal vein. An equilibrium between both blood vessels is evident, indicating the kidneys’ ability to regulate blood

glucose concentrations.

Figure 7 shows the concentration of every precursor after passing the nephrons. Observe that the522

concentration decreases because the precursors have reacted to produce glucose and the remaining523
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quantity is reabsorbed into the bloodstream. The dynamic behavior for each precursor assumes524

an initial value for each substance as if the kidneys start to consume them at time zero. The time525

is given in minutes to illustrate the dynamic response. Additionally, the precursors that enter the526

kidneys were assumed to be used to producing glucose and the amount that is reabsorbed into the527

bloodstream is almost nil [22, 30, 28, 40, 33, 39].528
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Figure 7: Concentration of every precursor leaving the kidneys via renal vein. Due to the assumption that the kidneys

capture only the amount of substrate required to produce glucose, the amount of precursor that is reabsorbed into

the blood is almost zero.

Finally, the model can regulate the glucose levels in the bloodstream of a person under normal529

conditions, in which case, the renal excretion of the glucose via urine is void when the glucose530

levels are lower than 180mg/dL, as shown in Figure 8. Here, the dashed line represents the531

glucose concentration in blood (mg/dL) (i.e., value in left y-axis), while the continuous line is the532

glucose concentration in urine (right y-axis). Although a normal blood glucose concentration is533

considered in the model and its simulation, the model is subjected to a hyperglycemic condition534

after 80 minutes in order to assess the model response under changes in the blood glucose levels.535

A hyperglycemic condition causes a small amount of glucose to be excreted in the urine. This536

phenomenon is called glycosuria based on serum glucose concentration. This coincides with the537

behavior of the kidneys in a person with high blood glucose levels, like in people suffering from538

diabetes mellitus.539
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Figure 8: Renal glucose excretion via urine (right y-axis) when the blood glucose concentration (left y-axis) is upper

than 180mg/dL. This behavior, known as glycosuria, is often observed in people with diabetes mellitus.

5. Conclusion540

The kidneys’ contributions to maintaining glucose homeostasis include an important production541

of glucose via gluconeogenesis. Besides its filtration, reabsorption, renal glycolysis, and, under542

particular conditions such as hyperglycemia, glucose can be excreted via the urine to eliminate543

the excess in the blood. In the present work, a phenomenological-based semi-physical model of544

the role of the kidneys in glucose metabolism is presented. Most of the parameters of the model545

are interpretable, i.e., the model includes parameters with a coherent physiological meaning in546

the modeling process of interest. To the best of the authors’ knowledge, this model is the first547

mathematical model describing all reported physiological aspects of the kidneys involved in the548

glucose regulation system. The model’s results reproduce the data found in literature and reflect549

the available physiological knowledge about the kidney’s functions. Thus, this model could be used550

in combination with other models to form a model-base control structure to examine the possible551

provision of an artificial pancreas.552

27



References553

[1] R. N. Bergman, Minimal model: perspective from 2005, Hormone Research in Paediatrics 64554

(2005) 8–15. doi:10.1159/000089312.555

[2] A. Boutayeb, A. Chetouani, A critical review of mathematical models and data used in,556

BioMedical Engineering OnLine 9 (2006) 1–9. doi:10.1186/1475-925X-5-43.557

[3] A. Makroglou, J. Li, Y. Kuang, Mathematical models and software tools for the glucose-insulin558

regulatory system and diabetes: an overview, Applied Numerical Mathematics 56 (3) (2006)559

559 – 573. doi:https://doi.org/10.1016/j.apnum.2005.04.023.560

[4] C. Cobelli, C. D. Man, M. G. Pedersen, A. Bertoldo, G. Toffolo, Advancing our understand-561

ing of the glucose system via modeling: A perspective, IEEE Transactions on Biomedical562

Engineering 61 (5) (2014) 1577–1592.563

[5] S. Contreras, D. Medina-Ortiz, C. Conca, l. Olivera-Nappa, A novel synthetic model of the564

glucose-insulin system for patient-wise inference of physiological parameters from small-size565

ogtt data, Frontiers in Bioengineering and Biotechnology 8 (2020) 195. doi:10.3389/fbioe.566

2020.00195.567

[6] R. Rabkin, A. Rubenstein, J. Colwell, Glomerular filtration and proximal tubular absorption568

of insulin 125 i, American Journal of Physiology-Legacy Content 223 (5) (1972) 1093–1096,569

pMID: 4654343. doi:10.1152/ajplegacy.1972.223.5.1093.570

[7] C. F.A., P. D.R., Hydrolysis and transport of small peptides by the proximal tubule,571

American Journal of Physiology-Renal Physiology 238 (3) (1980) F151–F158, pMID:572

6989268. arXiv:https://doi.org/10.1152/ajprenal.1980.238.3.F151, doi:10.1152/573

ajprenal.1980.238.3.F151.574

[8] R. Rabkin, J. Jones, A. E. Kitabchi, Insulin Extraction from the Renal Peritubular575

Circulation in the Chicken, Endocrinology 101 (6) (1977) 1828–1833. arXiv:https:576

//academic.oup.com/endo/article-pdf/101/6/1828/10677611/endo1828.pdf, doi:10.577

1210/endo-101-6-1828.578

[9] C. Dalla Man, F. Micheletto, D. Lv, M. Breton, B. Kovatchev, C. Cobelli, The UVA/PADOVA579

Type 1 Diabetes Simulator: New Features., Journal of diabetes science and technology 8 (2014)580

26–34. doi:10.1177/1932296813514502.581

[10] R. Visentin, C. Dalla Man, B. Kovatchev, C. Cobelli, The university of virginia/padova type582

1 diabetes simulator matches the glucose traces of a clinical trial., Diabetes technology &583

therapeutics 16 (7) (2014) 428–34. doi:10.1089/dia.2013.0377.584

28

https://doi.org/10.1159/000089312
https://doi.org/10.1186/1475-925X-5-43
https://doi.org/https://doi.org/10.1016/j.apnum.2005.04.023
https://doi.org/10.3389/fbioe.2020.00195
https://doi.org/10.3389/fbioe.2020.00195
https://doi.org/10.3389/fbioe.2020.00195
https://doi.org/10.1152/ajplegacy.1972.223.5.1093
http://arxiv.org/abs/https://doi.org/10.1152/ajprenal.1980.238.3.F151
https://doi.org/10.1152/ajprenal.1980.238.3.F151
https://doi.org/10.1152/ajprenal.1980.238.3.F151
https://doi.org/10.1152/ajprenal.1980.238.3.F151
http://arxiv.org/abs/https://academic.oup.com/endo/article-pdf/101/6/1828/10677611/endo1828.pdf
http://arxiv.org/abs/https://academic.oup.com/endo/article-pdf/101/6/1828/10677611/endo1828.pdf
http://arxiv.org/abs/https://academic.oup.com/endo/article-pdf/101/6/1828/10677611/endo1828.pdf
https://doi.org/10.1210/endo-101-6-1828
https://doi.org/10.1210/endo-101-6-1828
https://doi.org/10.1210/endo-101-6-1828
https://doi.org/10.1177/1932296813514502
https://doi.org/10.1089/dia.2013.0377


[11] D. Basmadjian, R. Farnood, The Art of Modeling in Science and Engineering with Mathe-585

matics, 2nd Edition, Chapman and Hall/CRC, 2006.586

[12] T. G. Dobre, J. G. S. Marcano, Chemical Engineering: Modelling, Simulation and Similitude,587

Wiley-VCH Verlag GmbH & Co. KGaA, Alemania, 2007. doi:10.1002/9783527611096.588

[13] K. Hangos, I. T. Cameron, Process Modelling and Model Analysis, Vol. 4, Academic Press,589

2001. arXiv:9809069v1, doi:10.1007/s13398-014-0173-7.2.590

[14] I. Herrera, J. F. Pinder, Mathematical modeling in sciencie and engineering, John Wiley &591

Sons, Ltd, New Jersey, 2012.592

[15] W. L. Luyben, Process modeling, simulation, and control for chemical engineers, 2nd Edition,593

McGraw-Hill, 1990.594

[16] T. E. Marlin, Process control: designing process and systems for dynamic performance, 2nd595

Edition, McGraw-Hill, Inc, USA, 1995.596

[17] R. L. Woods, K. L. Lawrence, Modeling and Simulation of Dynamic Systems, 1st Edition,597

Pearson, USA, 1997.598

[18] H. Alvarez, P. Vega, S. Revollar, R. Lamanna, Metodoloǵıa para la Obtención de Modelos599
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